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A method for designing wearable antennas at microwave frequencies is presented in
this thesis. An antenna placed on the human body is heavily inuenced by the electrical
properties of tissues. Thus, the proposed method includes of the development of mixtures
that mimic the electrical properties of human tissues in order to validate the antenna designs.
Simulation of several printed antennas in the presence of tissues are performed and analyzed.
The work outlines the process of developing phantom tissues and their validation using
an open-ended coaxial probe method. A guide-wave permittivity measurement method and
a free space measurement method are also discussed. The results show lower values than
expected for the complex permittivity compared to those previously published. Some reasons
for the discrepancy are suggested.
Two prototype antennas are developed: a rectangular patch antenna and a dipole. A
layered stack model of tissues is compared to a simpler and computationally more ecient
half space model. The eect of the separation between the antenna and the tissues, the
bending of tissues and the variation of tissue electrical characteristics is analyzed and quan-
tied. The separation or bending of the tissues greatly inuences the performance of the
antenna, as expected.
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In the last few decades, microwave techniques in biological applications have been a
topic of increased research and development [17, 18]. Most of these applications include some
type of radiating structure, examples include:
(1) various types of antennas have been used for hyperthermia treatment of cancer,
heating tumors up to 44ºC for more than 30 min, Figure 1.1(a) [1];
(2) antennas have been used to detect breast cancer with a probability of detection of
around 80%, Figure 1.1(b). Dierent systems have been used on these studies, e.g.,
Rank Thermographic System [19], with a good comparison reported in [20];
2(a) (b)
(c) (d)
Figure 1.1: Examples of antennas used in biological applications. Figure 1.1(a) shows a
hyperthermia device placed on a chest of a woman to perform hyperthermia cancer treat-
ment, [1]. Figure 1.1(b) shows antennas for breast cancer detection published in [2]. Figure
1.1(c) shows wearable or implanted antennas used to create a Local Area Network (LAN)
to communicate between hospitals, doctors or health care centers for patient monitoring [3].
Figure 1.1(d) shows implantable device geometry used to study packaging and performance
in the near-eld [4].
3(3) wireless body area network where wearable antennas are used for communication
between miniaturized body sensors (BSU) in a single network, Figure 1.1(c) [3];
(4) in 2005, RF System Lab announced its next generation endoscopic wireless capsule
which uses RF inductive powering instead of a battery and is capable of transmitting
870,000 images during its 8 hours lifecycle, Figure 1.1(d) [4];
(5) Microwave radiometers with antennas placed against skin of a patient have been used
for thermometry of the human body, described in more detail below [21, 22, 23].
Sketches of these examples are shown in Figure 1.1. The antennas are placed close to
or implanted in the body, so it is extremely important to understand the performance of
antennas in contact with human tissues in order to develop accurate models for all the
applications listed above. The challenge of modeling an antenna in proximity of human
tissue comes from complex and frequency dependent electrical properties of various tissues
and variation throughout dierent body types.
The antenna characterization in the presence of tissues presented in this thesis is fo-
cused on the microwave thermometry application. Here, an antenna placed in the near eld
of a body is used to detect noise power radiated from dierent tissues inside the body. In-
ternal body temperature measurements are important in several applications, such as: (1)
medical diagnostics, e.g., monitoring deep brain temperature of newborn infants [21]; (2)
detecting tumors [20]; (3) studying the circadian cycle [24]; (4) monitoring people under
physical stress, e.g., military personnel and athletes; and (5) monitoring emergency workers
under extreme conditions.
Currently, there are no commercial technologies for internal body temperature mea-
surements. Internal body temperature can be estimated from several external measurements,
but these methods are not reliable. Another approach used in the military for monitoring
overheating of soldiers under heavy training or in hot climates is a wireless pill thermometer
which remains in the body an unknown length of time and only measures temperature of
4the intestine [25]. Furthermore, there are dierent methods, which can be very invasive
and extremely uncomfortable for patients, such as rectal temperature measurements, using
a normal mercury thermometer or a special probe; and esophageal temperature measure-
ments, using a thermistor inserted through the nasal passages which can cause irritation.
A common method is the use of infrared (IR) thermometers, which only measures surface
temperature and are usually tympanic, i.e. inserted in the ear [26].
Microwave thermometry consists of measuring black body radiation from an object and
extracting temperature from power measurements using a microwave radiometer. A specic
Dicke radiometer is shown in Figure 1.2 [27], where the antenna is usually in the far-eld of
the object under test, such as in a radio telescope. In this work, a study of the feasibility
of wearable antennas for radiometric measurements in the near eld is presented. Full wave
electromagnetic simulation software HFSS (High Frequency Structure Simulation), based
on FEM (Finite Element Method); and SEMCAD-X, based on FDTD (Finite Dierence
Time Domain) are used to simulate the eects of radiation from tissues on the antenna
and, subsequently, for antenna design. In order to enable realistic measurements that do
not involve live samples, phantom tissues are developed and their electric properties are
measured and used as validation of the simulations.
5
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Figure 1.2: Block diagram of a Dicke radiometer. The input signal to the Low Noise Amplier
(LNA) is switched between the desired signal received by the antenna and a known noise
power source which is used for online calibration.
1.1 Electrical properties of biological and phantom tissues
Knowledge of dielectric properties of tissues is important background in studying the
eects of electromagnetic (EM) elds on biological systems. Current research investigates
the theoretical aspects of the interaction between living matter and EM elds. In most cases,
the interaction is described qualitatively and only some threshold limits are placed in order
to avoid human exposure to radio frequency radiation. It is commonly accepted to treat
tissues as homogeneous materials with some dened electrical characteristics. In reality,
tissues are inhomogeneous materials, with dierent levels of complexity. One can take a
look into living tissues and nd dierent types of cells (muscle cells, neurons,...) arranged
in dierent structures, depending what type of tissue is studied. Moreover, between cells,
dierent tissues have dierent extracellular uid. These inhomogeneities result in a system
that is dicult to model. The relevant scale is related to the EM wave frequency; at higher
frequencies corresponding to smaller wavelengths, more complexity of the tissue should be
taken into account. In this work, the wavelength of EM radiation in air is on the order of
10 to 50cm so that average values for tissue parameters can be used.
Electric and magnetic properties are dened by conductivity (), permittivity () and
6permeability (), from the constitutive relations of Maxwell's equations for linear media
given as:
~D = 0 ~E + ~P = 0r ~E =  (x; y; z) ~E (1.1)
~B = 0

~H + ~M

= 0r ~H =  ~H (1.2)
where ~E is the electric eld vector, ~H is the magnetic vector, ~J is the current density vector,
~D is the displacement vector, ~P is the dielectric polarization vector, ~B is the magnetic ux
density vector and ~M is the magnetization vector. 0 and 0 are fundamental constants,
0  8:8541878::: 10 12F=m and 0 = 4  10 7H=m.
Tissues are dispersive materials, and dierent models are applied to describe permittiv-
ity as a function of frequency. Most commonly accepted is the Cole-Cole model for dielectric
materials with relaxation processes. A special case of the Cole-Cole model is the Debye
model, which is also widely accepted. The most relevant articles for living tissues measure-
ments include: Gabriel 1996 [28], Schawn 1994[29] and Athey 1982 [30]. Data agrees with
theoretical models and presents dierent relaxation processes that lead to dierent relax-
ation times. The most commonly used measurement method is an open-ended coaxial probe
placed in contact with the desired tissue. This method is only applicable to in vitro tissues
and is not applicable to in vivo measurements.
1.1.1 Overview of dielectric properties
Permittivity is the intrinsic characteristic of matter that determines the matter-electric
eld interaction. Permittivity values of living matter vary signicantly, from high values
(close to water, r  80) to low values (close to vacuum, r = 1).
The permittivity for linear materials given in equation 1.5 can be expressed as a com-
plex number for lossy materials in time-harmonic elds. Working using phasors, assuming
7elds are of the form cos (!t) and assuming the material with conductivity:
~J =  ~E (1.3)
Maxwell's curl equation for ~H becomes:
r ~H = j! ~D + ~J
= j! ~E +  ~E
= j!

0   j 
!

~E (1.4)
assuming conductive losses (ohmic) are much larger than polarization losses. From the
previous equation we dene a complex permittivity as:
^ = 0r   j 
!
=0   j00 (1.5)
and a related quantity is the loss tangent dened as:
tan  =

!0
(1.6)
where 0 is the real part of the permittivity and describes the capability of the medium to
become polarized and store energy. The real part of the permittivity is characterized by
the dielectric constant r, where 
0 = 0r. The imaginary part 00 is related to losses in the
medium due to conduction described by conductivity  from Ohm's law, Equation 1.3. 00
thus gives a measure of dissipated (absorbed) power.
The eld matter interaction does not happen instantaneously, resulting in a frequency
dependance of the complex permittivity. This dispersion eect is often characterized by a
relaxation time analogous to an RC constant in an electrical circuit. By combining Gauss'
law and the continuity equation for time-varying charges, the relaxation time can be obtained
as follows:
8r  ~E = 

r  ~J =  @
@t
) r  ~E =   1

@
@t


= -
1

@
@t
) @
@t
+


=0 (1.7)
The solutions to the previous dierential equations are given by:
 = 0e
 t= and  =


(1.8)
where the time constant  is related to a capacitive term () and to a resistance term (1=)
and is thus analogous to the RC time constant of an electrical circuit.
At this point, is interesting to note how the material can follow electric eld oscillation.
If the electric eld frequency is higher than the inverse of the relaxation time, the material
may not follow the eld and the polarization of the material is transparent to the electric
eld, meaning that the electric eld does not aect the material. Typically, materials are
dened by three relaxation times: orientational, where dipoles moment of molecules are
oriented in dierent ways; ionic, due to atomic dipole polarization; and electronic, due to
electron polarization in atoms.
1.1.1.1 Models of permittivity
There are several models to t measured permittivity performance over frequency.
The most accepted models are the Debye and the Cole-Cole models, especially for biological
tissues. The Debye model is theoretically derived while the Cole-Cole model and its variation
the Davidson-Cole model are derived from experimental measurements. The most most
general case is the HavriliakNegami is given by 1.9:
9^=1 +
S   1
(1 + (i!))

(1.9)
while the Davison-Cole is expressed by 1.10:
^=1 +
S   1
(1 + i!)
(1.10)
The Debye model is dened by the following equation:
^=1 +
S   1
1 + i!
(1.11)
where s is the static value of the permittivity at !  0; and 1 is the relative permittivity
at high frequencies where contribution due to orientation disappears and electronic and
ionic contributions are constant. This is a theoretical model, and in practice there are not
many materials than follow this model. Figure 1.3 plots typical material characteristics as
derived from the Debye model compared to the Cole-Cole model. The Cole-Cole model
is an experimental model proposed in 1941 [31] and [32], and is more general than the
Debye model. The equation below denes the model, where 0    1 and determines the
distribution of the function:
^=1 +
S   1
1 + (i!)1 
(1.12)
Finally, it is important to note that for a material with more than one relaxation time,
in all models the result is a linear combination of one equation for each relaxation time. For
example, in the case of Debye model, the resultant equation will be:
^=1 +
S   1
1 + i!1
+
S   1
1 + i!2
+ : : : (1.13)
From this brief overview it is obvious that biological materials can have complicated
electrical dispersion properties which need to be taken into account when designing antennas
for biological applications.
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Figure 1.3: Comparison between Debye (solid blue line) and Cole-Cole (dashed red line)
models. Normalized permittivity (0   1) = (s   1) and loss factor 00= (s   1) are plot-
ted against the resonant frequency, showing a typical resonance dened by the models pre-
viously stated.
1.1.1.2 Temperature dependence
Permittivity is frequency dependent but may also be characterized by temperature
dependence. The relationship between permittivity and temperature is not dened by any
model, as each material has its own temperature variation. The temperature characteristics
of a material are dened by measurements. It is particularly interesting to see what happens
to water dielectric properties as temperature changes because human tissues consist primarily
of water (the water content of the body is between 60% and 75%, [33, 34, 35]).
Pure water behaves according to the Debye model given by the Equation 1.11, 1,
S and  being the three constants that dene the equation. These three constants, as
published in [5], decrease when temperature increases. This behavior does not lead to a
perfect interpretation of dielectric constant and conductivity. Coecients (1, S and )
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have a variation of 1-2% over a temperature variation of 60ºC, [5, 36]. Complex permittivity
temperature dependence is shown in Figure 1.4.
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Figure 1.4: Dependence of permittivity (Figure 1.4(a)) and conductivity of water (Figure
1.4(b)) with temperature. Only one resonance is taken into account for these plots because
of the frequency range of interest. Temperature dependence taken from [5].
1.1.2 Biological tissue properties
Electrical properties of biological tissues have been extensively studied on the literature.
There are dierent publications that determine electrical properties of tissue, e.g. example
Smye '07 [37], Athey '82 [30] or Schwan '94 [29]; but the most accepted standards for tissue
properties are the publications from Camelia Gabriel '96 [28, 38, 39]. Gabriel's measurements
are taken using open-ended coaxial probes. This technique is studied in chapter 2 section
2.2. The techniques consists of a coaxial cable with a special radiating end that interacts
with the Material Under Test (MUT). This interaction between the references or the MUT
and the probe leads to dierent reection coecients which are used to extract the electrical
properties of the MUT. Moreover, Gabriel's measurements are carried out using dead tissues,
because most of the tissues are internal to the body are impossible to measure using this
technique. The procedures used in Gabriel's publications are not very well dened, as it is
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dicult to dene in what conditions the dead tissues are. However, temperature is given
and to best simulate living tissues, tissues are used immediately after cadaver autopsy.
The data presented in all citations previously mentioned are the closest possible to
living tissues taken in in vitro conditions for most of the results. In vivo measurements are
carried out also for those tissues accessible with the open-ended coaxial probe. As in vitro
measurements are dicult to validate against live tissues, the closest solution to live tissues
is used. Thus, the closest temperature to body temperature and the nearest time after death
are taken when possible. Human tissues are often compared with animal tissues or to live
tissues in order to validate measurements.
Data is presented in graphical form, rather than tabular, and in logarithmic scale
rather than linear form, because of the range of frequencies measured. Characteristics mea-
sured are dielectric constant and conductivity (rather than loss tangent or imaginary part
of permittivity).
On the other hand, the temperature is important when measuring complex permit-
tivity as explained before. As there is no model that determines this dependence only the
temperature of given measurements is shown, but no model is used to explain the relation.
However, dielectric constant and conductivity for in vivo tissues are not standardized;
there are few measurements of in vivo tissues for specic applications, e. g. Dieter '03 [40].
To the best of our knowledge, there are no techniques capable of measuring in vivo tissue
properties. The only tissues measured in vivo are skin and tongue because they are easily
accessible and measurements are not dangerous for the patient.
Human tissues relative permittivity r ranges from around 5 for fat or narrow bone to
almost 70 for cerebrospinal uid or vitreous humor at 1 GHz. The conductivity  ranges
from 0:5 S=m for fat to 1:6 S=m for blood.
Biological tissues typically show three relaxations, related to the structure of the tissues.
At low frequencies, one may observe rst relaxation process, related to the ionic polarization
along the cell membrane. This rst relaxation process is called  dispersion or low frequency
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dispersion. At higher frequencies, one can observe another relaxation process, called the 
relaxation process, related to the capacitive charging of the cell membrane. And nally, at
very high frequencies, there is another relaxation process called the  relaxation process. 
dispersion is related to the dipolar polarizations of tissue water content.
These are the three more important dispersions one may nd, but some materials, and
of course biological materials, may have another relaxation process between those explained
before. In particular, sometimes a relaxation process between  and  processes may be
observed, this dispersion is called  dispersion. A  process may occur due to relaxations of
proteins dispersed throughout the material, as illustrated in Figure 1.5.
Figure 1.5: Typical frequency dependence of material with complex permittivity such as
biological tissues where the three typical relaxation processes (,  and ) are shown. The
behavior of a typical human tissue follows the plot shown in this gure. In some cases some
other relaxation processes could appear (e.g. ). The plot is taken from [6].
1.1.3 Phantom tissues
Living tissues are dicult to obtain (especially human tissues) and there are a lot of
problems associated with possible measurements, e.g. dead tissues, temperature variations,
etc. Instead of using living matter, one may use mixtures that mimic real tissue properties.
In this document, we are interested in the electrical characteristics of tissues. Phantom
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tissues can be used to mimic human tissues. These phantom tissues are mainly mixtures
of water, vegetable oil (used as fat content in tissues), salt and some chemicals that can
reproduce electrical properties of living tissues.
In the literature, e.g. Topsakal '08 [41] and others [42, 43, 44, 45, 46], complex methods
for mixing substances are described, using expensive processes and equipment. One of the
goals of this document is to develop an inexpensive method suitable to be used in any RF
lab. After the mixing process is nished, validation of properties of the nal mixtures should
be done. In this thesis the process of creating muscle, skin and fat phantoms is presented in
chapter 2.
1.1.3.1 Phantom tissues validation
In order to validate the mixtures, complex permittivity has to be measured. There are
dierent methods to measure complex permittivity. The method we should use has to be:
(1) cheap and easy to reproduce; (2) easy to implement in a standard radio frequency lab;
and (3) such that it does not require high precision measurements and components, precision
required is 1 for permittivity and 0:1 S=m for conductivity measurements, as shown in
Figure 1.6. To obtain this plot, a patch antenna was simulated on the tissue stack shown in
Figure 3.1(b) and the values of  and  were varied until a <2% variation on the reection
coecient magnitude was observed. From that point, we divided the variation by two and
that is the nal accuracy we would like to measure on the phantom tissues.
Taking into account these requirements, two methods were chosen: Open-ended coaxial
cable and Free space measurements. Another method is proposed and used: TRL xture
permittivity measurements. This is a novel method fully developed and this thesis. All these
methods are explained in detail in chapter 2 section 2.2.
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Figure 1.6: Permittivity (on the left) and conductivity (on the right) variations in skin and
their eects on antenna performance are shown. The conguration used in these plots is a
patch antenna in contact with the stack of tissues presented in Figure 3.1(b). From these
two gures the required accuracy is r = 1 and  = 0:1 S=m. Thus, phantom tissues
measurements require this precision.
A full explanation of making phantom tissues, dierent validation processes used and
nal results are presented in Chapter 2.
1.2 Wearable antenna
Currently wearable antennas on the market are used mostly for military purposes,
especially for communications. In this scenario, antennas perform in the far eld and are
often integrated into a garment that the soldier or the person wears. These antennas are
designed to interact with the media surrounding the human body, and they are not used for
medical or antenna-body applications. Examples of wearable antennas and their applications
are shown in Figure 1.7.
Another market is in handsets for mobile communications. These antennas are not
designed as wearable antennas, but they operate very close to human tissues, which interfere
with the performance of the antenna. It is relevant to mention this scenario because most
of the theory applied to wearable antennas comes from the study of handset antennas.
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There is much controversy about the possibility of carcinogenesis due to absorption of power
radiated by a cell phone in human tissues [47]. Thus, it becomes important to understand the
interaction between handset antennas and human tissues. In this thesis, Specic Absorption
Rate (SAR), or power absorbed by the tissues, is used as a standard quantity and gure of
merit when discussing the antenna-tissue interaction.
Antennas are usually designed to radiate in innite or semi-innite free space (assumed
to be vacuum). The presence of lossy dielectrics in the near (reactive) eld of the antenna
signicantly aects its performance as shown in Figure 1.8.
If one wants to design an antenna to use in a radiometer and places the antenna
directly in contact with human tissues or the human body, one must take into account
the performance of the antenna mainly in the near eld. In this thesis, dierent antennas
in contact with tissues are investigated, both in terms of the eect of tissues on antenna
properties and vice versa. As the main goal of the designed antennas is to capture radiation
from the body, studies carried out are focused on propagation of electromagnetic waves
through tissues.
Antennas designed in this thesis should have very well dened characteristics, most im-
portantly, the near-eld performance characterized by the SAR parameter. This is dierent
than in most antenna applications, where receiver and transmitter are in the far eld, i.e.
the spherical waveform reaching both could be approximated by a plane wave, where electric
and magnetic elds are perpendicular and vibrate transversely to the propagation direction.
In a wearable antenna the interaction between antenna and surrounding objects has to be
taken into account. This scenario is especially critical in antennas designed to interrogate
tissues in direct contact. In addition, standard antenna terminology and methods should be
applied with care.
Chapter 3 presents a intensively study of wearable antennas, focusing the study in two
very well known antennas dipole and patch antennas.
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Figure 1.7: Example of wearable antenna used in military applications, Figure 1.7(a), taken
from [7], represents a printed antenna on a person's skin; Figure 1.7(b), taken from [8], shows
an antenna integrated on fabric for communications purposes; and Figure 1.7(c), taken from
[9], shows dierent antennas that a soldier might carry in the future on a standard uniform.
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(a)
(b)
Figure 1.8: Comparison of the radiation patter of a PIFA antenna designed to be used on a
handset for the two GSM bands with and without the presence of the user. On the left the
radiation patter of the antenna in free space. On the left the modied radiation pattern in
the presence of head and hand. Frequencies are 1 and 2GHz, the antenna is a PIFA antenna
used in a Sony-Ericsson handset. Red means high power and green low power. Pictures are
taken from [10].
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Phantom tissues
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In this chapter, a complete process of fabricating and validating phantom tissues is
presented. Phantom tissues are developed to validate antenna results presented in chapter
3. These tissues will be used along with the designs presented in chapter 3 to model the
human body and validate the simulations.
The goal behind producing these mixtures is to mimic electrical properties of real
tissues at microwave frequencies, from hundreds of megahertz to gigahertz. Three dierent
tissues are generated (skin, fat and muscle) and layered to simulate the generic conguration
of the body's surface.
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2.1 Phantom tissues mixing process
Phantom tissues are mixtures of mostly pure water, oil and salt. In addition propanol,
agarose powder and soap are used. Skin and muscle phantom tissues mixtures are developed,
following the recipes of Topsakal '08 [41], but adapting this published process using several
other publications [42, 43, 44, 45, 46]. The technique presented here uses equipment common
to any RF lab and is detailed in this section.
Two methods are presented and tested for skin and muscle mixtures. A third method
was developed with unsuccessful results for a fat phantom. A photograph of the nal mixtures
are shown in Figure 2.1.
2.1.1 Procedure for making phantom skin tissues
(1) Heat 45ml of pure vegetable oil to 80 ºC in a 100ml beaker.
(2) Slowly heat a solution of 65ml of water and 1.33 grams of agarose powder in a
separate 100ml beaker.
(3) Turn o the heat and mix in 0.4 grams of NaCl salt and 1.68ml of ®Ultra Ivory
dish soap to the water solution when it begins to release steam and use the hand
blender to mix the solution thoroughly.
(4) Add the oil (heated to 100 ºC) and the water solution to a third beaker by alternately
adding a small amount of each and stirring constantly.
(5) If desired, add a drop of food coloring to the new mixture, in order to easily keep
track of dierent mixtures.
(6) Using a hand blender, blend the solution in the third beaker thoroughly until the
mixture becomes homogenous.
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(7) Quickly pour the mixture into the desired mold and allow it to gelatinize overnight
at room temperature
2.1.2 Procedure for making phantom muscle tissues
(1) Heat 30 ml of pure vegetable oil to 80 ºC in a 100ml beaker.
(2) Slowly heat a solution 60ml of water and 1.33 grams of agarose powder in a separate
100ml beaker.
(3) Mix in 0.4 grams of NaCl salt and 1.68ml of ®Ultra Ivory dish soap to the water
solution when it begins to release steam and use the hand blender to mix the solution
thoroughly.
(4) Add the heated oil and the water solution to a third beaker by alternately adding a
small amount of each and stirring constantly.
(5) If desired, add a drop of food coloring to the new mixture, in order to easily keep
track of dierent mixtures.
(6) Using the hand blender, blend the solution in the third beaker thoroughly until the
mixture is homogenous.
(7) Pour the mixture into the desired mold and allow it to solidify overnight at room
temperature
2.1.3 Procedure for making phantom fat tissues
(1) Mix 0.2 g of p-toluic acid powder with 10ml of propanol and stir vigorously until it
the powder has completely dissolved.
(2) Heat 800ml of pure vegetable oil to 80 ºC in a beaker.
(3) Mix the solution made in (1) to 190ml of water and heat the new solution to 80 ºC.
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(4) Mix the heated oil and heated water solutions and add 11.2ml of®Ultra Ivory dish
soap. Use the hand blender to emulsify this solution. The solution should turn white
with very little foam.
(5) If desired, add a few drop of food coloring to the new mixture, in order to easily
keep track of dierent mixtures.
(6) Using the hand blender, blend the mixture thoroughly a nal time.
(7) Quickly pour the mixture into the desired mold and allow it to gelatinize overnight
at room temperature.
(8) NOTE: If the procedures described for fat do not yield a well-gelatinized material,
try using smaller proportions of materials. We used 1/5th of the quantities above
for the results reported here.
Figure 2.1: Photo of skin (green) and muscle (red) nal mixtures
2.2 Phantom tissue validation
Phantom tissues are created to have the same electrical properties as human tissues.
In order to validate our phantom tissues after the mixing process, we measured the electrical
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properties dened by complex permittivity. Permittivity is dened by equation 1.5 and
explained in section 1.1.1. Techniques to measure these properties are explained in section
1.1.3.1.
Dierent techniques were used to measure electrical properties of tissues. These tech-
niques were chosen because: (1) the phantom tissues are gummy and oily materials and
when manipulated leave some residues; and (2) they are not solid and cannot be cut in to
perfect shapes. These two issues restrict the viable techniques available to measure permit-
tivity. For example, when using a resonant cavity, as presented in dierent publications,
e.g. [48, 49, 50], to measure permittivity of phantom tissues, the sticky residue may ruin
the chamber for future uses. Other techniques unsuitable for measuring phantom tissues are
waveguide or coaxial-based techniques, where the allocated space for the dielectric is lled
with the phantom tissue material. The problem with these techniques is the quality of the
contact between the conductive walls and the Material Under Test (MUT). Phantom tissues
will not have perfect contact with the walls, introducing error due to placing air bubbles. In
the literature, e.g. [51] or [14], the contact with a coaxial probe or the conducting wall and
the MUT is discussed and shows that insucient contact will introduce underestimation of
the material electrical properties. Thus, it is important to use techniques where these eects
are reduced or canceled. In the open-ended coaxial probe, this eect can be reduced, but
not canceled, by applying pressure between the probe and the MUT. Detailed explanation
will follow in the next section. First describing a free space and a microstrip-based method
and concluding with the discussion of an open-ended coaxial probe method which we believe
is the most accurate. Here it is important to mention that the microstrip method proposed
here was presented at the International Union of Radio Science (URSI) meeting [52].
2.2.1 Free space measurements
Free space measurement (Figure 2.2) uses waves propagating in free space that inter-
act with the Material Under Test (MUT). This technique is non-destructive and does not
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require contact with the sample. A disadvantage of the technique is that at lower microwave
frequencies it requires an electrically large, at and uniform sample.
Figure 2.2: Free space measurement setup, with phantom muscle tissue between the two
antennas connected to the VNA. As shown, the two antennas are the two ports used. The
two antennas must be at least at the far eld distance from the tissues.
The setup consists of two antennas connected to a network analyzer, where the MUT
is placed (Figure 2.2) between the antennas and in the far eld of both antennas. The setup
is critically dependent on the beam-sample interaction and, for a simple transmission line
model, high directivity antennas or big sample are required. It is recommended that the
sample lls inside the HPBW (Half-Power Beamwidth) angle. At this point it is interesting
to comment on some solutions applied to minimize the error introduced by of the beam-
sample interaction. There are two obvious solutions: using lenses to focus the beam or
placing the sample in an absorber. At microwave frequencies, lenses are very large (50 cm
in diameter at X-band) making the measurements not practical. The approach with the
absorptive aperture involves developing a new calibration technique.
If a large enough sample can be made, the equivalent circuit shown in Figure 2.3 is valid,
otherwise some edge eects are introduced and there will be an error in the measurements.
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The main source of error is diraction which is also makes calibration process dicult.
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Figure 2.3: Free space measurements technique equivalent transmission model. The ports
represent the two antennas shown in Figure 2.2.
There are three ways to calibrate these two port measurements: Thru-Reect-Match
(TRM), [53]; Thru-Reect-Load, [54]; and Gated SOLT, [55].
The third method is proposed by Agilent in the free space measurements seminar [55].
This calibration uses time domain gating. The rst step is to calibrate the system at the
end of the cables that will be connected to the antenna, using normal calibration procedures
(SOLT). Then, the antennas are connected and the network analyzer is switched to time
domain, in order to be able to measure distances. A metal plate is placed at the reference
plane of the sample and a time domain analysis is applied to reduce the error introduced by
the surrounding environment. The metal plate must have approximately the same thickness
as the material that will be measured; otherwise, the window will include some free space or
will exclude the sample.
A common method to extract permittivity parameters from the measurements is the
Nicholson-Ross method [56] and [57]. This method assumes the sample is completely inside
a guiding medium (shown in Figure 2.3), and no waves are propagating through any other
material but the sample. Obviously, if the sample does not ll the domain, an error will
be introduced. Permittivity and permeability may be extracted from two complex value
measurements (S11 and S21) as follows. First we dene new complex variables:
V 1 = S21 + S11; V 2 = S21   S11 (2.1)
from there, we dene:
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c1 and c2 are complex numbers and functions of the real and imaginary parts of S11and S21.
From here, complex relative permeability and permittivity can be found according to [56]:
 =
p
(c1c2);  =
p
(c1=c2) (2.4)
A signicant eort was put into this measurement technique, but unfortunately because
of the size and uniformity of the sample and large wavelength of interest (a few gigahertz), it
was dicult to obtain results with any accuracy. Therefore a dierent guided wave technique
was investigated next, microstrip-based measurements.
2.2.2 Microstrip based measurements
The idea behind this measurement is to use a calibrated microstrip xture and TRL
calibration. The Thru-Reect-Line calibration consists of six complex measurements which
result in an overdetermined system of equations, a detailed explanation of which is given
in [54] and [58]. Therefore, in addition to the four complex scattering parameters, either
the complex propagation constant or the complex impedance of the reection standard can
also be found at every frequency. The sketch of a cross section of a microstrip line on a
lossless substrate with a lossy (phantom tissue) superstrate is shown in Figure 2.4. The
impedance and propagation constant of the microstrip line are aected by the presence of
the superstrate. By measuring S-parameters and using multiple linear regression one may
extract complex permittivity using very well-dened response characteristics.
A owchart of the process is shown in Figure 2.5.
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Figure 2.4: Cross section of the microstrip xture with the lossy material on top.
Extract peaks, 
slopes and 
origins from 
simulations
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parameters of the 
multiple linear 
regression
Back out 
dielectric 
properties of the 
material
Figure 2.5: Flowchart of method used to extract superstrate electrical properties
The rst step to dene the response characteristics is to specify the required accuracy.
From Figure 1.6 a reasonable specication is determined to be:
 Dielectric constant accuracy : =1
 Conductivity accuracy: =0:1
As a reminder, Figure 1.6 presents simulations of antennas of phantom tissue models and
determines the required accuracy for the tissue parameters in order to obtain reasonable
antenna models.
Next, full wave simulations (HFSS) were performed for the calibration standards with
the range of relative permittivity between 5 and 60, a conductivity of 1S/m, and a range
of conductivity of 0.5 to 1.6S/m for relative permittivity of 10. The simulations results are
shown in Figures 2.6, 2.7 and 2.8. For each value of r, was varied. Only a selection of
curves is shown in the plots.
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Figure 2.6: Simulations performed for the Thru microstrip standard. 2.6(a) with sigma 1s/m
epsilon relative varied between 5-60 and the resulting amplitude of S11 is shown. 2.6(b) with
epsilon 10 sigma varied between 5-60 and the resulting amplitude of S11 is shown.
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Figure 2.7: Simulations performed for the Reect microstrip standard. 2.7(a) with sigma
1S/m epsilon relative varied between 5-60 and the resulting amplitude of S11 is shown. 2.7(b)
with epsilon 10 sigma varied between 0.5-1.6S/m and the resulting amplitude of S11 is shown.
29
0.5 1 1.5 2−90
−80
−70
−60
−50
−40
−30
−20
−10
Frequency (GHz)
|S 1
1| (
dB
)
 
 
ε=5
ε=10
ε=15
ε=20
ε=25
ε=30
ε=35
ε=40
ε=45
(a)
0.5 1 1.5 2−80
−70
−60
−50
−40
−30
−20
−10
Frequency (GHz)
|S 1
1| (
dB
)
 
 
σ=0.5
σ=0.6
σ=0.7
σ=0.8
σ=0.9
σ=1
σ=1.1
σ=1.2
σ=1.3
σ=1.4
σ=1.5
σ=1.6
(b)
Figure 2.8: Simulations performed for the Thru microstrip standard. 2.8(a) with sigma 1s/m
epsilon relative varied between 5-60 and the resulting amplitude of S21 is shown. 2.8(b) with
epsilon 10 sigma varied between 5-60 and the resulting amplitude of S21 is shown.
From the reection standard, the S11 minimum is extracted and from the Thru and Line
simulations the origin value and the slope are extracted. Very well-dened characteristics
should be extracted and those are the clearest characteristics of each standard. Moreover,
it is important to mention that phase does not have very well-dened characteristics, thus
phase is unsuitable to be used in this method.
Let the variable values extracted from the simulation be the matrix X and the related
permittivity be represented by a matrix Y dened as follows:
X =
0BBBB@
x11 : : : x1p
...
. . .
...
xn1 : : : xnp
1CCCCA ; Y =
0BBBB@
y1
...
yn
1CCCCA (2.5)
where:
yi = 1xi1 + : : :+ pxip + "i (2.6)
Y = X + " (2.7)
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with:
 =
0BBBB@
1
...
p
1CCCCA ; " =
0BBBB@
"1
...
"p
1CCCCA (2.8)
where" and  are constants calculated from while X and Y, meanwhile X and Y are extracted
from measurements.
The advantage of this method is that dierent media, such as microstrip, stripline or
coplanar waveguide could be used in conjunction with TRL calibration. The disadvantage of
the method became apparent during the experiments as it was dicult to obtain repeatable
results because of the contact of the MUT and the microstrip line. In addition, the Line and
Thru standards need to be longer than , where  is the wavelength at the lowest frequency,
making it dicult to go to lower frequencies with available xtures and samples. Another
disadvantage is that the sample has to be thin with uniform thickness which is dicult
to implement. The author asserts that the method is better for less conductive materials.
A recommendation is to look at the eect of a dierent dielectric constant of the lossless
substrate on the accuracy of the extraction.
This method was presented at the URSI conference 2012 [52].
2.2.3 Open-ended coaxial probe
Open-ended coaxial probes (shown in Figure 2.9) are widely used in measuring di-
electric properties of materials at microwave frequencies. The method is noninvasive and
nondestructive and thus well-suited for measurements of biological materials. Using this
method, one may achieve measurements of dielectric relaxations for a wide spectrum of fre-
quencies, which is essential for biological tissues because one may measure the important
resonances that characterize these materials.
The main characteristics dening this method are:
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 Nondestructive and noninvasive for the material/sample under test (MUT). The
tested material could be kept intact and no cutting or reshaping is needed. Other
methods, especially resonant methods, require specic sample dimensions;
 Broad frequency range, limited by probe dimensions;
 The precision is intermediate to low, achieving precisions <10%, [59];
 No frequency sampling constraints. Resonant methods allow measurements at only
a few frequencies; the open-ended coaxial method does not have this limitation. The
frequency sampling limitation comes only from the instrumentation used.
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Figure 2.9: Open-ended coaxial probe used at the National Institute for Standards and
Technology. The probe has dierent dimensions depending of the frequency range of interest.
Figure 2.9(a) shows the probe. Figure 2.9(b) shows the probe with the MUT on top. In
our case the tissue material was not rm, so it was placed under the probe. Courtesy: Dr.
Michael Janezic, NIST Boulder
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The open-ended coaxial probe uses the eect of the sample on the fringing elds at the
end of the probe. When there is no sample, the cable is just in contact with air, the eld
lines bend from the outer conductor to the inner conductor and ideally spread to innity.
When the sample is placed at the very end of the probe, aects the fringing elds directly,
changing the reection coecient. A lossy capacitor is the best way to model this variation
in the fringing elds. An equivalent circuit of this method is shown in Figure 2.10.
The method is widely discussed in the literature, and its limits are well known, e.g.
Athley and Stuchly 1982 [30], Grant 1989[16], Baker-Jarvis 1994 [51], Dong 2009 [60] and
Elison [61].
2.2.3.1 Calibration
There are dierent ways to calibrate the system. The most widespread calibration
method is SOLT calibration [62]. SOLT calibration uses three standards: Short, Open and
Load for one port calibrations. There are two ways to apply the SOLT calibration to the
probe. The rst one is by calibrating the system at the end of the cable connected to the
network analyzer using the usual kit with the three standards. Then, an algorithm has to
be used to de-embed the distance between the reference plane at the end of the cable and
the open-ended probe. A second method is to use the SOLT calibration directly at the end
of the probe. This calibration consists of Short, which is just a short circuit between the
inner and the outer conductor of the probe; Open, with the probe open to air and nally
Load , which is simply applying a load at the end of the probe. Most common loads used
are reference liquids with well known dielectric properties. Reference liquids are discussed
in [63] and [64].
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Figure 2.10: Equivalent circuit of the open-ended coaxial probe, where the material is mod-
eled as a capacitor and a resistor in parallel denoting the real and imaginary part of the
permittivity
2.2.3.2 Extraction of admittance models at the end of the open ended coaxial
probe
This method is based on extracting the reection coecient at the termination of the
probe:
  =
Zn   Z0
Zn + Z0
(2.9)
where Z0 is the characteristic impedance of the coaxial line and Zn is the characteristic
impedance of the unknown material.
As shown in gure 2.10, the equivalent circuit consists of two capacitors and a resistance
in parallel, so it is easier to work using admittances.
Some assumptions are taken when calculating the admittance at the end of the probe:
 MUT is homogeneous and occupies the half space beyond the probe
 The ground plane is theoretically innite; in practice it is large enough to cover most
of the energy of the system.
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There are two methods to extract the MUT dielectric properties. The rst one is using
lumped element equivalent circuit explained in section 2.2.3.2, and the second is calculating
the elds coming out from the probe, called the Point Matching Method, explained in 2.2.3.2.
The rst one is easier but less accurate, and requires to dene the capacitance of the probe
(Cs in Figure 2.10) which is not simple. The second method consists of calculating the
magnetic elds at the end of the probe coupled with the MUT. This results in an equivalent
admittance and nally a reection coecient. All these equations depend on the permittivity.
By repeating the process in reverse, one can nd the electrical properties.
Lumped element method
This method uses the equivalent circuit shown in Figure 2.10. To extract the dielectric
properties of the MUT, the reection coecient has to be measured, the output impedance
calculated and the equivalent capacitance and resistance extracted. From there the complex
permittivity can be extracted. The output impedance (admittance) of the equivalent circuit
shown in Figure 2.10 is as follows:
YL = Y0
1   
1 +  
= j!Ct + j!Cs +Gs (2.10)
where Cs = Cs (r). The related reection coecient is given by:
 =j jej' = 1  j!Z0 [Cs + Ct]
1 + j!Z0 [Cs + Ct]
(2.11)
where the capacitance and conductance of the sample (Cs andGs) are included in C
0
s (^) which
is a capacitor with a complex permittivity dielectric. From here the complex permittivity
may be nally extracted using:
^ =
1   
j!Z0Cs [1 +  ]
  Ct
Cs
(2.12)
where ^ is related to the capacitance and resistance in parallel on the equivalent circuit. The
real part of ^ is related to the capacitance and is extracted from:
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0 =
 2  sin'
!Z0
 
1 + j j cos'+ j j2   CtCs (2.13)
and the imaginary part of ^ is related to the parallel resistance and is extracted from:
00 =
1  j j2
!Z0
 
1 + j j cos'+ j j2 (2.14)
where j j is the magnitude, ' is the phase of the reection coecient and Z0 is the charac-
teristic impedance of the line. Both real and imaginary impedance could be modeled as an
equivalent capacitance with a dielectric with complex permittivity.
The equivalent circuit is valid at frequencies where the dimensions of the line are small
compared to the wavelength. That is, the open end of the line is not radiating and all the
energy is concentrated in the reactive near eld of the line where the sample is placed.
MUT-probe contact is critical for these measurements. If the contact is not optimal,
the measurements will underestimate the complex permittivity [51, 14]. Thus, dierent
techniques are used to improve contact by avoiding air gap formation. One of such techniques
is to apply a layer of vegetable oil or water between the probe and sample. In addition,
pressure through the cable can also be applied to avoid the same problem.
The same system may be used to measure complex permittivity of liquids. For this
purpose, a small container with a small amount of the liquid is used. The measurements
used are the same, and no moistening or pressure is required because it is easy to have good
contact. This conguration applied to blood measurements is sketched in Figure 2.11.
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Figure 2.11: Open-ended coaxial probe used to measure liquid dielectric properties. The
system has a thermostat bath that allows temperature measurements. The sketch shows the
system for blood measurements and is taken from [11].
It is important to note that this method is based on two approximations: it assumes
uniform permittivity and no radiating eects. The probe dimensions determine the frequency
limit of the method according to the 2b= 1 limiting relation, where b is the inner diameter
of the outer conductor.
In order to use the lumped element method, coecients Cs and Ct stated in Equation
2.12, may be measured using reference materials with known electrical properties at the same
temperature. [64] and [63] include a list of dierent publications where data for dierent
materials are listed.
Extracting Cs and Ct is not a straightforward process and is discussed in [16]. Up to
about 1GHz, where only a TEM mode is above the cuto, the following equations can be
used to nd Cs from a known material:
Cs =
1
!Z0 (02 + 002)
1=2
(2.15)
 2 j j sin'
!Z0
 
1 + j j cos'+ j j2 = Cs0 + Ct (2.16)
where 0 and 00 are the real and imaginary part of the known complex material permittivity.
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Meanwhile previous relations are perfectly valid up to 1GHz, for higher frequencies
some discrepancies are observed because the principal TEM mode becomes supplemented by
evanescent TM modes excited at the junction, [65]. This leads to use non linear equation as
follows:
Cs (f; ^) = Cs + Af
2
e (^) (2.17)
where fe (^) is an eective frequency calculated as follows:
fe (^) =
c
0
(
0
2
"
1 +
00
0
1=2
+ 1
#)1=2
(2.18)
Thus:
Cs (f; ^) =
 2 j j sin'
!Z00
 
1 + j j cos'+ j j2   Ct0 (2.19)
As frequencies of interest in this thesis are below 2GHz, the linear method is used.
Point matching method
This method was presented in [15] and consists of extracting the electric properties
through the values of the reection coecient. The reection coecient is expressed in a
general form for a general complex permittivity and this complex value can be extracted
from the measured reection coecient.
In Figure 2.12 the coordinate system used is shown. The process followed is as follows:
 extract the electric and magnetic elds on the coaxial line, from [66] and [67]:
E = U0
"
f0 () exp ( 0z) +
1X
n=0
Rnfn () exp (nz)
#
(2.20)
H = j!0cU0
"
f0 ()
0
exp ( 0z) 
1X
n=0
Rn
fn ()
n
exp (nz)
#
(2.21)
where f () is dened in terms of the probe dimensions, the eigenvalues pn and the
coordinate , detailed explanation is given in [15]; Rn is the general reection coecient of
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the mode n (R0   ), U0 is an arbitrary amplitude factor, and the propagation factor of
the mode n is given by: n =

p2n   t (!=c0)2
1=2
where c0 is the speed of light in free space.
Moreover, the radial function is a function of the probe dimensions, b and a, the inner and
the outer conductor dimensions and the eigenvalues pn. Finally, assume continuity of the
electric eld at the interface that leads to the continuity of the magnetic eld:
H
 
, z = 0 

= H
 
, z = 0+

(2.22)
leads to equation 2.23:
1X
n=0
RnTn = 1 (2.23)
where an innite plane is assumed, so 0 <  <1, and:
Tn =
fn()=n + (s=t) In
f0()=0   (s=t) I0 (2.24)
in which
In =
1
2
aZ
b
2Z
0
fn (0) 0
exp
  j (!=c0)psr
r
cos d0d (2.25)
Since the summation in Equation 2.23 goes to innity, it is important to truncate it
to be useful in real methods or measurements. Since these equations use magnetic elds,
and high order modes are evanescent, the terms decrease rapidly as n increases, making the
summation go from 0 to N, shown in Equation 2.26. In some publications only N  5 is
used [16], giving the nal relation:
NX
n=0
RnTn = 1 (2.26)
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Figure 2.12: Coordinate system used. Subscripts 0, 1 and 2 denote air, dielectric inside the
coaxial line and dielectric outside the coaxial line, respectively
2.2.3.3 Results
The rst step before measuring is to simulate the system in order to know what the
results should look like and compare them against previous publications. In this thesis,
the lumped element method is used to extract complex permittivity of the materials used
in simulations and the matching point method is used to extract the same properties from
measured materials.
The rst method requires measuring and extracting the values of Cs and Ct from
reference materials. Extraction of these coecients is not trivial as previously explained. In
Grant '89 [16] full discussion of Cs and Ct extraction is included.
Using the point matching method, an algorithm capable of extracting the MUT com-
plex permittivity has to be used. The algorithm has to nd the permittivity and conductivity
that lead to the measured reection coecient (magnitude and phase) using equations stated
in the previous section.
In Figure 2.13 there are plots of reference material used in the literature ([15, 12, 13, 14])
comparing simulations made in this thesis with the publications' results. These are included
in order to validate the simulations, presenting reection coecient magnitude and phase.
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Figure 2.13: Results of simulations for material ( = 2:05) with material used in the literature
([12, 13, 14]) and extracted from [15]. In the simulation the cable connecting the probe and
the source has some length but in the previously mentioned publication [16] it has no length.
A small shift to lower values is observed, mainly because of the length of the coaxial probe.
Extraction of Cs and Ct coecients from simulations and for our specic
probe
In Figure 2.14, the plot to extract Cs value is shown. The nal goal is to extract
the electrical properties of phantom tissues up to 2GHz or lower. Thus, to extract Cs and
Ct values, one may use Equation 2.19 with known permittivity values. In the simulations,
higher frequencies are shown, and the materials used are Methanol, Ethanol, Water and
Propanol-1-ol. Cole-Cole model values for these materials are extracted from [16] and shown
in Table 2.1.
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Figure 2.14: Cs extraction curve from reference materials listed in [16]. Solid line is least-
squares t of the sample capacitance measured for known materials (blue cross).
To validate these values, one may extract from previous simulations (Figure 2.13(a) and
2.13(b)) the value of the dielectric constant of this material. Results are shown in Figure
2.15. The reference material has a uniform dielectric constant of 2.05 and no signicant
conductivity. Simulations lead to a slightly lower nal permittivity. This could be due to
the length of the cable used in the simulations. The length of the cable aects the value of
the reection coecient phase. As this length could not be zero for practical reasons on the
simulation, the shortest possible length is chosen. The cable length is 0.1mm and it could
introduce some phase delay leading to these shifted values. Higher frequencies are more
sensitive to the cable length phase delay, due to their lower wavelength. Therefore, as the
error increases with frequency, one may think the main problem of the simulations results is
the cable length.
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Reference liquid Cole-Cole parameters Value
Methanol
s 33.7
1 4.4
fr (GHz) 3.22
 0.36
Ethanol
s 24.4
1 4.8
fr (GHz) 1.14
 0.0
Water
s 78.3
1 4.6
fr (GHz) 19.7
 0.014
Propanol-1-ol
s 20.6
1 4.2
fr (GHz) 0.52
 0.0
Table 2.1: Reference materials used to extract Cs and Ct parameters.
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Figure 2.15: Dielectric constant of reference material (r = 2:05) used to extract required
parameters Cs and Ct and to validate simulations.
Simulation results
Simulations are carried out for the two types of tissues mixed, skin and muscle. Skin
simulation results are shown in Figure 2.16(a). Muscle simulation results are shown in Figure
2.16(b). In both cases results show lower values for dielectric constant and conductivity.
Permittivity results show an increasing discrepancy with frequency. Conductivity values
show a constant shifting to lower values over the frequency range. Lower values could be
explained by the cable length discussed previously.
Measurements results
Measurements of the phantom tissues using the open-ended coaxial probe were carried
out at NIST (National Institute of Standards and Technology) along with Dr. Michael
Janezic using the matching point method to extract complex permittivity values.
The method used consisted of calibrating the VNA at the end of the coaxial cable
attached to the probe using a typical SOLT calibration. To extract MUT complex permit-
tivity, the reference plane had to be shifted to the end of the probe. Then, an algorithm
is used to move the reference plane and extract the permittivity values using the process
explained in section 2.2.3.2.
44
0 0.5 1 1.5 235
40
45
50
55
60
D
ie
le
ct
ric
 c
on
st
an
t
 
 
0.4
0.6
0.8
1
1.2
1.4
Frequency (GHz)
Co
nd
uc
tiv
ity
 (S
/m
)
Skin dielectric constant, Gabriel′s publication
Skin dielectric constant, simulation
Skin conductivity, Gabriel′s publication
Skin conductivity, simulation
(a)
0 0.5 1 1.5 252
54
56
58
60
62
D
ie
le
ct
ric
 c
on
st
an
t
 
 
0.5
1
1.5
Frequency (GHz)
Co
nd
uc
tiv
ity
 (S
/m
)
Muscle dielectric constant, Gabriel′s publication
Muscle dielectric constant, simulation
Muscle conductivity, Gabriel′s publication
Muscle conductivity, simulation
(b)
Figure 2.16: Results of simulations for skin (top) and muscle (bottom). The permittivity
is plotted in blue and the conductivity is plotted is red. Solid lines are from Gabriel's
publication and dashed lines are results from simulations.
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Figure 2.17: Results of measuring skin at NIST with Michael Janezic. Results are discussed
on section 2.2.3.3
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Figure 2.18: Results of measuring muscle phantom tissue at NIST with Michael Janezic.
Results are discussed in section 2.2.3.3. Measurements are lower than expected.
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Discussion of the results
Measurements did not lead to the expected results as were seen on Figures 2.17 and
2.18. Possible reasons for this error in measurements are:
(1) The environment dries up the samples;
(2) Procedure developed evaporates liquid, meaning the percentage of water on the
mixtures is low;
(3) Measurements of high permittivity materials carry a big error, underestimating the
measured permittivity [14];
(4) Imperfect contact between the sample and the probe leading to an underestimation
of the measured permittivity, [51].
Mixtures are kept inside containers, but no humidier is used. As Colorado's climate is dry,
that could lead to a drying period between the mixing process and the measurements. Water
is the main cause of high permittivity of the mixtures. Thus, a lack of water could decrease
the value of the dielectric constant.
Secondly, the recipe taken from the literature [41] uses a complicated mixing device,
which mixes everything in a perfectly sealed beaker where no vapor can escape. In our
procedure, everything is boiled using an open beaker. When the mixture is heated up, steam
is released, reducing the amount of water in the mixture and leading to a lower permittivity
value.
Moreover, the reference used is Teon with relative permittivity of 2.05 and very low
conductivity. These values, compared to real tissue values, are very dierent, leading to a
calibration process that may not be optimal for these measurements.
A nal reason for these shifted measurements could be that the contact of the samples
with the probe is not perfect, leading to underestimated measurements [14]. A sketch of this
situation is shown in Figure 2.19.
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Figure 2.19: Contact between the probe and the sample surface. As the MUT is rough, the
contact between the probe and the MUT might not be perfect, leading to an air gap. This
air gap could be modeled as a capacitance which will decrease the values measured. Picture
taken from [14].
Dierent mixtures were measured: high conductivity, low conductivity, high permit-
tivity and standard. Standard mixtures are the same recipes presented in Section 2.1. High
conductivity, low conductivity and high permittivity are mixtures that vary the amounts of
components trying to see what they aect. Following the recipes shown above, and varying
the amount of water, one may vary the dielectric constant value of the mixture, i.e. more
water produces higher dielectric constant. Varying the amount of NaCl, one may vary the
conductivity value, i.e. higher NaCl amount to higher conductivity. These two assump-
tions were made before measuring and the results correlate with them. In addition, it is
interesting to notice that increasing the amount of water (high permittivity mixture) causes
the conductivity to decrease. This is because the NaCl particles are diluted in more water
hence decreasing the conductivity. On the other hand varying the amount of salt diluted
also aects the permittivity values.
Finally, the standard mixtures were measured on dierent days and produced similar
results. Assuming the mixing process is always the same, one may assure that the permittiv-
ity values of the mixtures are always the same and the process proposed is stable in dierent
mixing conditions.
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When antennas are used in contact with or very close to human tissues, new challenges
and engineering problems appear. Applications where wearable antennas are used are listed
in section 1.2. These applications are fairly new and most of the already mentioned challenges
remain unsolved. Thus, it is important to understand the interaction between the antenna
and the human tissues to solve these challenges. In the literature, e.g. [68], antennas
performing in inhomogeneous media are discussed.
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In this chapter, the interaction between antennas and tissues is studied. Half wave-
length dipoles and patch antennas are used and extensively studied. Dipoles are used because
they are one of the most studied and understood antennas. Patch antennas are studied be-
cause they have some interesting characteristics that make them good candidates for wearable
applications. Deeper explanation may be found in section 3.2.
The nal goal of the designs presented here is to be used for radiometry, giving some
specic characteristics that radiometer may require. A radiometer is a device that captures
black body radiation from matter and it is able to extract the temperature of the body
from this received signal. Thus, antennas for radiometry applications require the following
characteristics: (1) better interaction with the tissues than interaction with the surrounding
environment; (2) narrow band operation because the radiometer will operate using long
integration times; (3) frequency of operation under study, although rst results show that
the optimum frequency of operation is 1.41GHz, thus antennas presented here are designed
to operate at this frequency; (4) small size in order to be wearable and comfortable; (5) the
antenna has to allow some exibility to be adapted to human body contour; and (6) the
antenna will perform in a quite band, allocated for radio astronomy purposes, on the range
between 1.4GHz and 1.427GHz, if the frequency is changed, this band should be changed as
well.
In addition, when one tries to study wearable antennas used in radiometry applications,
some principles in electromagnetics might be used: (1) reciprocity, considering that the power
emitted by the antenna is the same as the power emitted by the tissues that the antenna
will receive; and (2) the eective wavelength in a dielectric, which is the wavelength divided
by the square root of the dielectric constant eff = 0=
p
r . The rst principle is very
important to understand the studies carried out in this thesis. All the explanations below
apply the power radiated by the antenna and its interaction with the tissues to model the
power emitted by the tissues and received by the antenna.
When modeling human tissues, many variations of problem characteristics appear: (1)
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tissues' thickness variation; (2) layers' composition; (3) tissues' electrical properties; (4) fat
index; etc. Hence, the following models are used to standardize all these possible variations:
(1) Half space: in order to simplify interaction between the antenna and the tissues, a
model consisting of half free space-half tissue is used. The model is presented on
gure 3.1(a). The model consists of lling an ideal innite half space underneath
the antenna with a phantom tissue with known electrical characteristics.
(2) Layered stack of tissues: the model simulates human chest and consists of six layers
of tissues: 1.2mm of skin [69], 4mm of fat [69], 2mm of cortical bone [70], 7mm of
cancellous bone [70], a second layer (2mm) of cortical bone, and nally 20mm of
muscle. Dielectric properties of the tissues are extracted from Gabriel's publication
[28] and [38], which is the most widely accepted reference for dielectric constant and
conductivity for biological tissues. The model is presented on gure 3.1(b).
When the presented designs are used in radiometry applications, the antenna performs in the
near eld because it is directly in contact with the tissues. Therefore, far eld parameters
are used only to characterize the antenna. Instead, reection coecient, input impedance,
directivity and maximum electric eld radiated are studied.
It is important to note that SAR (Specic Absorption Rate, [71]), or power absorbed
by the tissues, is the parameter studied on the literature [72], [43] and [44] for radiometric
applications along with the others already listed. SAR gives the most relevant information of
how the power emitted by the antenna propagates through the tissues. If the nal goal of the
antenna design is to capture power emitted by the tissues, using the reciprocity principle, this
is the main parameter that needs to be studied. Although SAR (or power absorbed) is the
main parameter, the SAR measurements or simulations are not available due to problems
with SEMCAD-X software and with the HFSS denition of SAR. Using the parameters
listed on the previous chapter, a good idea of the antenna's performance and tissue-antenna
interaction may be achieved.
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Figure 3.1: Models used along with the antennas in order to study their performance in
contact with dielectrics. On top the half space tissue model, where the antenna is placed on
the top of the phantom. On the bottom, the layered model mimicking the human chest.
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Antennas performing in the near eld are usually called probes rather than antennas,
in order to dierentiate between near and far eld applications.
3.1 Dipole antenna on tissue
Dipole antennas are probably the most widely used and studied antenna mainly due to
their simplicity and very well known radiated elds. For this reason, dipole antennas are used
to standardize or to understand the eects of tissues on antenna performance. Moreover, it
is the easiest type of antenna to be compared in dierent situations already published and
studied on the literature, e.g. [73, 74, 75].
The rst step is to design the antenna under the optimum conditions to be used along
with the tissue models presented before (Figure 3.1). The most commonly used dipole
antenna is the half wavelength dipole. This type of antenna is particularly interesting to
study because of its simple design and the very well known electromagnetic eld components
in free space:
E ' j I0e
 jkr
2r
"
cos
 
 cos 
2

sin 
#
(3.1)
H ' j I0e
 jkr
2r
"
cos
 
 cos 
2

sin 
#
(3.2)
where r is the radial coordinate in the spherical coordinate system,  and  are the angle co-
ordinates, I0 is related to the current owing into the dipole and  is the intrinsic impedance.
In general, the length of the dipole is reduced to l = 0:47 so as to be easily matched to
a typical transmission line, having its input impedance imaginary part canceled out. This
gives the optimum frequency of operation as f = c= where c is the speed of light in vacuum.
In this thesis, the optimum frequency of operation is dened as the frequency where
the magnitude of the S11 parameter is minimized. This frequency is not always the same as
the frequency where the imaginary part of the input impedance cancels out. The optimum
54
frequency of operation is dened as the lowest magnitude in S11, because this is the situation
where the antenna radiates the most power.
In Figure 3.2, a sketch of the dipole used in simulations is presented with the resonant
frequency at 1.41 GHz.
l
Figure 3.2: Sketch of dipole antenna used on simulations. Particularly, the antenna shown
here, has a resonant frequency at 1.41GHz and a length of l = 14:5mm
3.1.1 Antenna design and performance
As mentioned previously, the antenna's length that determines the optimum frequency
of operation is that where the magnitude of the reection coecient is minimized. In Figure
3.3, the optimization of the dipole's length is shown versus the frequency using the layered
model shown in Figure 3.1(b). The same lengths are simulated in free space and compared
to the lengths with tissues. Using these plots, one may dene the eective dielectric constant
as follows:
lno tissues = lwith tissues (3.3)
0:47no tissues = 0:47with tissues (3.4)
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0 no tissues =
0 with tissuesp
eff
(3.5)
c
f0 no tissues
=
c
f0 with tissues
p
eff
(3.6)
and nally:
eff =

f0 no tissues
f0 with tissues
2
(3.7)
where eff is the eective dielectric constant of the antenna operating with tissues. Using this
relation, one may extract the eective dielectric constant from plot 3.3(b). As shown in the
plot, the eective dielectric constant is around 10. The rst tissue layer, skin, has a dielectric
constant of 35 in this frequency range. This means that approximately the eective dielectric
constant is about 1=4 of the rst layer (skin) dielectric constant (r = 39:63). However, it is
likely that the other layers inuence ff to some extent as well.
In Figure 3.4(a) the magnitude of the S11 parameter is plotted versus frequency. In
Figure 3.4(b) real and imaginary parts of the input impedance are plotted versus frequency.
The antenna in contact with the tissues shifts its optimum frequency from 4.6GHz radiating
into free space to 1.41GHz radiating in contact with tissues. In addition, the input reactance
of the antenna with tissues has values between a few 
 and negative j50
. The antenna's
free space input reactance varies a lot more varying up to a few k
. On the other hand, the
real part in both cases is almost constant along the frequency range studied.
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Figure 3.3: Optimization of dipole length on top of the stack of tissues shown in Figure
3.1(b). The left plot shows the relation between length and frequency. In red is the length
of the dipole in contact with tissues and in blue the same length radiating on free space. In
the right plot the eective dielectric constant was calculated from the previous relation.
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Figure 3.4: Comparison of the resonant frequency between the antenna on top of the stack
of tissues and radiating into free space. Figure 3.4(a) shows in red the S11 magnitude in dB
of the dipole response radiating in contact with tissues; the same gure but in blue shows
the S11 magnitude in dB of the antenna performing without the tissues, i.e. radiating into
free space. Figure 3.4(b) shows the real (solid lines) and imaginary (dashed lines) parts of
the input impedance of the antenna with (in red) and without the tissues (in blue). Figure
3.4(a) is normalized to a 50
 characteristic impedance line.
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3.2 Patch antenna on tissue
A design of a patch antenna is presented. This design is suitable to be used along with
radiometry applications due to its characteristics explained below. Dimensions of the nal
design with the ground plane are 58x114mm. Hence, a miniaturization process may follow
in future work.
Some reasons are behind choosing this type of antenna:
(1) Very well known radiation characteristics that can be compared with published re-
sults;
(2) A ground plane is incorporated on the antenna's design, increasing the antenna's
directivity into the tissues and shielding the antenna from the surrounding environ-
ment;
(3) Possibility of miniaturization of the antenna's dimensions;
(4) Narrow band, avoiding the possibility of capturing radiation from undesired bands.
The radiometer will work with long integration times, allowing narrow band captures
instead of broadband and short integration times.
The characteristics of the patch antenna perfectly t the requirements listed above, making
the antenna a perfect candidate to be used as a probe for the radiometer device.
In general, patch antennas require a thick substrate whose dielectric constant is low
for a good performance, better eciency, larger bandwidth but a larger surface area is then
required. On the other hand, a higher dielectric constant of the substrate leads to smaller
radiating surfaces and smaller dimensions. Wearable antennas for radio thermometers require
exibility, narrow band and small size. Performance in the far-eld is not considered critical.
For this reason, a mid dielectric constant substrate ( = 6:15) and thin substrate (25mil)
are chosen.
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3.2.1 Antenna design
A sketch of the proposed antenna is shown in Figure 3.5. The antenna is a rectangular
patch with radiating surface dimensions of L=40.2mm and W=22mm. The feed is via
coaxial line through the ground plane and it has an 8mm oset along the L axis. The feed
contact with the radiating surface is modeled as a point. The contact with the ground plane
is modeled as the contact point between the outer conductor of the coaxial line and the
ground. A exible substrate is used for further studies on antenna bending. The substrate
used is Rogers/duroid 6006 [76] with a dielectric constant of 6.15 and a dissipation factor
of 0.0027. The substrate's thickness is 25 mil, which was chosen because it allows for some
exibility, which is important if the antenna has to be shaped according to the human
body, as mentioned. The dimensions of the antenna are chosen using optimization tools
available on electromagnetic commercial software, as closed form equations and methods for
the antenna's design may not apply. The reason why normal patch antenna design equations
cannot be used, is because the antenna is in contact with a stack of tissues. There are some
publications that show the antenna's performance in contact with dielectrics [77], [78] and
[79]. The scenario used in this thesis is rather unique and a full parametric analysis has to
be performed after an initial design using the equations presented in these publications. The
antenna being designed is placed over a layered model of the human chest shown in Figure
3.1(b) and Figure 3.8(a).
3.2.2 Antenna performance
A comparison between the radiation characteristics into free space and in contact with
the tissues is shown in Figure 3.6.
Figure 3.6 shows the antenna's performance radiating in contact with tissues and into
free space. This antenna is narrow band, having a -10dB bandwidth of 16MHz and an oper-
ating frequency of 1.395GHz when operated in contact with the tissues as shown in Figure
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3.6(a). In addition, when the antenna radiates into free space, two operation frequencies
appear at 1.48GHz and 2.87GHz as shown in the same gure. Figure 3.6(b) shows the real
and imaginary parts of input impedance versus frequency. The real part shows peaks at
the operating frequencies, allowing the antenna to radiate. Reactance shows peaks at the
operating frequencies, thus they are also resonant frequencies.
L side
W side
Figure 3.5: Drawing of the antenna design in free-space. It is important to note the ground
plane shape being narrower in the radiation side of the antenna (L side).
3.3 Eects of tissue antenna separation and tissue bending
Full-wave simulations are conducted through dierent models in order to study antenna
performance and eects on the eld's propagation in dierent scenarios. These scenarios
model real situations where the antenna will not have perfect contact with the tissues. In
order to cover the most realistic scenarios, four studies are conducted:
(1) Antenna radiation in free space (explained before);
(2) Antenna with perfect contact with tissues (explained before);
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Figure 3.6: Comparison of the antenna's performance in free space and in contact with
tissues, in blue and red respectively in both gures. Figure 3.6(a) plots the magnitude of
the S11 parameter. Figure 3.6(b) shows imaginary (dashed lines) and real (solid lines) parts
of the input impedance. Figure 3.6(a) is normalized to a 50
 characteristic impedance line.
62
(3) Separation between the antenna and the tissues:
(a) Planar separation: Figures 3.7(b) and 3.8(b), where the antenna and the tissues
are separated while keeping the two parallel, i.e. perpendicular separation;
(b) One side bending Figures 3.7(c) and 3.8(c), where tissues are bent only on one
side;
(c) Two sides bending Figures 3.7(d) and 3.8(d), where tissues are bent on both
sides;
Two dierent antennas are studied, the half-wavelength dipole (Figure 3.7) and the patch
(Figure 3.8).
3.3.1 Eects on the dipole
In Figure 3.9(a), the bending and the separation of the tissues versus the frequency of
operation of the dipole is plotted. Increasing the bending of the tissues or the separation,
increases the optimum frequency of operation shifting it towards the frequency of the free
space case. Bending the two sides has the least eect on the antenna's performance, while
perpendicular separation has the biggest eect. After separating the tissues a few tenthsof
a millimeter, the frequency shifted 0.5GHz, making the antenna no longer suitable to work
at the desired frequency. In Figure 3.9(b), the bending and the separation of the tissues
versus the magnitude of the reection coecient at the frequency of operation of the dipole
is plotted. It can be seen that the tissue bending aects the magnitude of the reection
coecient considerably, making its magnitude decrease rapidly. If the separation is more
than 0.25mm, the magnitude of the reection coecient increases above -10dB and the
antenna becomes no longer useful.
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(a) (b)
(c) (d)
Figure 3.7: Sketch of the dierent scenarios studied with the dipole antenna. 3.7(a) shows
the dipole on top of the stack of tissues; 3.7(b) shows the dipole on top of the stack of tissues
having a perpendicular separation between the tissues and the antenna; 3.7(c) shows the
dipole on top of the stack of tissues with one side separation; and 3.7(d) shows the dipole
on top of the stack of tissues with both sides separation.
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(a) (b)
(c) (d)
Figure 3.8: Sketch of the dierent scenarios studied with the patch antenna. 3.8(a) shows
the patch on top of the stack of tissues; 3.8(b) shows the patch on top of the stack of tissues
having perpendicular separation between the tissues and the antenna; 3.8(c) shows the patch
on top of the stack of tissues with one side separation; and 3.8(d) shows the patch on top of
the stack of tissues with both sides separation.
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In Figure 3.10, how the bending aects the input impedance of the antenna is shown.
The bending is plotted versus the resistance and the reactance of the antenna. Results
show a decrease of the resistance and an increment towards negative values of the reactance
leading the antenna towards a purely imaginary input impedance. Thus, the antenna will
not radiate when separated from the tissues.
The most interesting point of these plots is how the antenna is more sensitive to one
side separation than two side separation.
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Figure 3.9: Frequency of operation of the dipole performing in the dierent scenarios de-
scribed before in Figure 3.7. Figure 3.9(a) shows the optimum frequency of operation.
Figure 3.9(b) shows the magnitude of the reection coecient at the operating frequency
(1.41GHz). The gures show in red the eects of one side bending , in green the eects of
two sides bending and in blue the perpendicular separation eects.
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Figure 3.10: The plot shows how the bending of the tissues aect the input impedance of
the dipole. Figure 3.10(a) plots the input resistance and Figure 3.10(b) shows the input
reactance. The gures show in red the eects of one side bending , in green the eects of
two sides bending and in blue the perpendicular separation eects.
3.3.2 Eects on the patch antenna
In Figure 3.11(a) the bending and separation of the tissues versus the optimum fre-
quency of operation of the dipole are plotted. Increasing the bending of the tissues or the
separation, increases the optimum frequency of operation shifting towards the frequency of
the free space. Two side bending has the least eect on the antenna's performance, while
perpendicular separation has the biggest eect. After separating a few tenths of a millime-
ter, the frequency shifted 0.5GHz making the antenna not longer suitable to work at the
desired frequency. In Figure 3.11(b), the bending and separation of the tissues versus the
magnitude of the reection coecient at the frequency of operation of the dipole is plotted.
It can be seen, that the tissue's bending aects the magnitude of the reection coecient
considerably making its magnitude increase rapidly. If the separation is more than 0.25mm
the magnitude of the reection coecient increases above -10dB and the antenna becomes
no longer useful.
In Figure 3.12, how the bending aects the input impedance of the patch antenna
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is shown. The bending is plotted versus the resistance and the reactance of the antenna.
Results show a decrease of the resistance and an increment towards positive values of the
reactance leading the antenna to a purely imaginary input impedance. Thus, the antenna
will not radiate when separated from the tissues. It is interesting to note the peak of the
input reactance when the separation of the tissues is very small.
The patch antenna is especially interesting to study because the radiation through the
edges is not uniform. In a patch antenna, most of the electric eld is conned to the L side.
Plots just mentioned show that the antenna performance is more sensitive to the bending or
separation eects of the tissue along the L side than to the eect of bending or separating
them along W side. Moreover, plots show how the antenna is more sensitive to one side
separation than both sides separation.
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Figure 3.11: Performance of the patch in the dierent scenarios described before. Figure
3.11(a) shows the optimum frequency of operation. Figure 3.11(b) shows the magnitude of
the reection coecient at the operating frequency. Figures show in blue the perpendicular
separation between the antenna and the dipole; in green the one edge bending, being L side
dark green and W side light green; in purple the two edge bending along W side and in red
the two edges bending along L side.
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Figure 3.12: These plots show how the bending of the tissues aect the input impedance
of the patch. Figure 3.12(a) shows the input resistance and Figure 3.12(b) shows the input
reactance of the patch antenna. Figures show in blue the perpendicular separation between
the antenna and the dipole; in green the one edge bending, being L side dark green and
W side light green; in purple the both edges bending along W side and in red both edges
bending along L side.
3.4 Tissue variation eects on antenna performance
Along with the studies presented previously, it is interesting to study how variations in
the conductivity and dielectric constant may aect the antenna's performance. Figure 3.13
shows how dierent tissues aect the length of the dipole. The optimum length of the dipole
shows that the variation of the tissues properties does not aect the antenna's performance
in a consistent way. Thus, it is very interesting to study the tissue properties variation and
its eects on antenna performance.
69
0.1 0.2 0.3 0.4 0.5 0.6 0.720
40
60
80
100
120
Wavelength (m)
Le
ng
th
 (m
m)
 
 
Fat (ε=5.5, σ=0.05S/m)
Skin (ε=40.9, σ=0.89S/m)
Cancellous Bone (ε=20.6, σ=0.36S/m)
Cortical Bone (ε=12.4, σ=0.16S/m)
Muscle (ε=54.81, σ=0.98S/m)
Figure 3.13: The gure shows the optimum length of the dipole in contact with the dierent
tissues. The model used is the half space phantom, shown in Figure 3.1(a).
In this section the dipole antenna presented before is studied with the tissues stack
model (Figure 3.1(b)). The dielectric constant and the conductivity of the phantom layers is
varied from the standard value presented in Gabriel's publications [28, 38, 39]. The relative
variation of the dielectric constant and conductivity is shown.
Figure 3.14(a) shows the optimum frequency of operation of the dipole with the stack
of tissues varying the tissues dielectric constant. The optimum frequency of operation in-
creases when the relative dielectric constant of any tissue decreases, while the optimum
frequency of operation decreases when the dielectric constant of the tissues increases. These
are the results expected because the length of the dipole is inversely proportional to the
dielectric constant (or eective dielectric constant as dened in Equation 3.6). Thus, when
the dielectric constant decreases the frequency has to increase and vice versa.
Figure 3.14(b) shows the magnitude of the reection coecient of the dipole with
the stack of tissues varying the tissues dielectric constant. The magnitude of the reection
coecient has its minimum in the designed frequency range and increases when the tissues'
dielectric constant increases for the two most supercial layers. It can be seen also that the
eects of the muscle dielectric constant variation are important although the muscle is the
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deepest layer. Moreover, the cancellous bone aects the results as well but only for variation
of the dielectric constant to higher values.
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Figure 3.14: Figure 3.14(a) shows the variation of the optimum frequency of operation of the
dipole due to variations in the dielectric constant of the tissues. Figure 3.14(b) shows the
variation the magnitude of the reection coecient of the dipole at the designed frequency
(1.41GHz) due to tissue dielectric constant variations. Figures show the conductivity varia-
tion of the skin in blue, of the fat in green, of the rst layer of cortical bone in red, of the
cancellous bone in cyan, of the second layer of cortical bone in magenta and of the muscle
in yellow.
Figure 3.15(a) shows the input resistance of the dipole above the stack of tissues (Figure
3.1(b)) while the dielectric constant of the tissues is being varied. Figure 3.15(b) shows the
input reactance of the dipole above the stack of tissues while the dielectric constant of the
tissues is being varied. In all the cases, the input resistance and reactance decrease when
the dielectric constant decreases and vice versa.
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Figure 3.15: Figure 3.15(a) shows the variation of the input resistance of the dipole at the
designed frequency (1.41GHz) due to variations in the dielectric constant of the tissues.
Figure 3.15(b) shows the variation of input reactance of the dipole at the designed frequency
(1.41GHz) due to variations in the dielectric constant of the tissues. Figures show the
conductivity variation of the skin in blue, of the fat in green, of the rst layer of cortical
bone in red, of the cancellous bone in cyan, of the second layer of cortical bone in magenta
and of the muscle in yellow.
Figure 3.16(a) shows the optimum frequency of operation of the dipole with the stack
of tissues while their conductivity is varied. Similarly to the dielectric constant eects, when
the conductivity of the tissues increases, the optimum frequency of operation decreases and
vice versa. Especial mention to the muscle eects that aects in dierently increasing the
antenna's optimum frequency of operation when its conductivity increases and vice versa.
Figure 3.16 shows the magnitude of the reection coecient of the dipole with the stack
of tissues while their conductivity is varied. The magnitude of the reection coecient peaks
when the conductivity of the tissues varies. This eect might be expected as the antenna is
designed to operate in the scenario with no variation, thus when we vary the conductivity
mainly leads to an increment on the reection coecient value.
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Figure 3.16: Figure 3.16(a) shows the variation of the optimum frequency of operation of the
dipole due to variations in the conductivity of the tissues. Figure 3.16(b) shows the variation
of the reection coecient magnitude of the dipole at the designed frequency (1.41GHz) due
to variations in the conductivity of the tissues. Figures show the conductivity variation of
the skin in blue, of the fat in green, of the rst layer of cortical bone in red, of the cancellous
bone in cyan, of the second layer of cortical bone in magenta and of the muscle in yellow.
Figure 3.17(a) shows variation of the input resistance of the dipole with the stack of
tissues while the tissues conductivity is varied. Figure 3.17(b) shows the input reactance
of the dipole with the stack of tissues while the tissues conductivity is varied. The eects
on the input resistance are close to dielectric constant eects, increasing input resistance
with the increment of the conductivity and vice versa. Note the decreasing of the input
resistance after the increment of the skin's conductivity. Note also the more dependence of
the input resistance on the fat's conductivity variation which increases the input resistance
signicantly. Moreover, note the eects of the muscle's conductivity variation to lower values
which increases the input resistance. On the other hand, the input reactance has a minimum
peak for skin and fat variation at a slightly higher conductivity value. The two kinds of bones
increase the value of the input reactance or it keeps almost constant. Finally again, notice
the eects of the muscle's conductivity increment which decreases the input reactance.
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Figure 3.17: Figure 3.17(a) shows the variation of input resistance of the dipole at the
designed frequency (1.41GHz) due to tissue variations in the conductivity of the tissues.
Figure 3.17(b) shows the variation of input reactance of the dipole at the designed frequency
(1.41GHz) due to tissue conductivity variation. Figures show the conductivity variation of
the skin in blue, of the fat in green, of the rst layer of cortical bone in red, of the cancellous
bone in cyan, of the second layer of cortical bone in magenta and of the muscle in yellow.
Chapter 4
Conclusions and future work
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In summary, an extensive study of antennas performing in contact with tissues and
phantom tissues making process are presented.
The antenna design in the presence of tissues is focused on the microwave thermometry
application. Here an antenna placed in the near eld of a body is used to detect noise
power radiated from dierent tissues inside the body. This antenna might be used in several
applications already listed in previous sections, but its intended use is for thermo-radiometric
applications.
Currently, there are no commercial technologies for internal body temperature mea-
surements. Internal body temperature can be estimated from several external measurements,
but this method is not reliable. Another approach used in the military for monitoring over-
heating of soldiers under heavy training or in hot climates, is a wireless pill thermometer
which remains in the body for an unknown length of time and only measures the temperature
of the intestine [25]. Furthermore, there are dierent methods that are very invasive and
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extremely uncomfortable for patients, methods such as rectal temperature measurements,
which use a normal mercury thermometer or a special probe; and esophageal temperature
measurements, which use a thermistor inserted through the nasal passages which can cause
irritation. A common method is the use of infrared (IR) thermometers, which only measures
surface temperature and are usually tympanic, i.e. inserted in the ear [26]. Thus, microwave
radio thermometry is a method with a huge range of applications.
In the following sections conclusions of this work are presented. In addition, future
work related to unresolved issues regarding this thesis are presented.
4.1 Summary
There are two main conclusions of this work. The rst one is the development of
phantom tissues that mimic electric properties of tissues and are used to validate wearable
antenna designs. The second conclusion of this work is the extensive study of wearable
antennas performed and the results already presented.
Along with these two conclusions, more specic statements may be made:
(1) Phantom tissues:
(a) Experimental mixtures had discrepancies with expected results by a factor of 2
(b) Improvements of mixture recipes is necessary. Mixtures for mimicking other
human tissues, e.g. bones are also needed.
(2) Complex permittivity measurements:
(a) A new technique is proposed and studied based on inhomogeneous microstrip
lines. Some publications using similar methods have recently been published
demonstrating that this is still an issue of controversy, e.g. [80].
(b) Two other techniques were also studied (free-space and coaxial probe) and com-
pared
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(3) Wearable antenna design:
(a) Dipole and patch antennas designed on layered tissue using full-wave EM sim-
ulations
(b) Dipole and patch compared for dierent applications
(4) Interaction between antennas and tissues:
(a) Imperfections expected in a real application were studied numerically, e.g. tis-
sue bending
(b) Better understanding of eects of tissues on the far eld in air and in tissue
(5) Simulation towards design:
(a) Full-wave electromagnetic CAD tools must be used carefully when designing
wearable antennas
(b) Wearable antennas interact with the human body in the near eld
(c) Simulations take a lot of computing resources, so simplications based on phys-
ical understanding are useful
4.2 Future work
Given the encouraging results from this preliminary study, it is straightforward to
outline plans for future work in this area:
(1) Improve techniques to mix phantom tissues to enable models that perfectly mimic
human tissues in the specied frequency range. This will require another mixing and
validating eort .The results will be the perfect tool to validate wearable antenna
designs in any microwave research laboratory.
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(2) Perform a more detailed analysis of the permittivity measurement technique based
on microstrip xtures, looking carefully to the problems already listed.
(3) Perform miniaturization of the patch antenna design presented on previous sections,
resulting in a very good candidate for radiometry applications.
(4) Study of dierent antenna designs. Perform multiple wearable antenna designs to
cover frequency bands that are not studied in this thesis. One may want to take a
look to the literature, e.g. [81].
(5) Numerical and experimental studies of the eect of position and other variables, such
as the tissues' thickness, on dierent parts of the body need to be performed.
(6) Study the power absorbed by the tissues and its interaction with the other tissues
and the antenna.
(7) Multi-band antennas may be studied in order to have dierent penetration depths
in order to interrogate tissues in dierent positions of the body.
(8) Once phantom tissue models are improved, combine these with antenna designs and
validate simulations
4.3 Conclusions
The results conrmed the choices made through the learning process. In addition,
some future work must be done to nally conclude open issues.
Even though the rst approach to the topic was dicult to dene, at the end we may
conclude that the learning process and the studies performed achieved very promising results.
Throughout the work performed in this thesis, I was able to apply electrical engineering
knowledge acquired during my previous education on the always challenging eld of biology.
Along with all the studies presented, I was able to learn about biology and the engineering
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point of view of biological systems. Scientic discussions derived from my work and personal
experiences are remarkable conclusions of this work.
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